In a previous paper it was shown that X-ray evidence led to the conclusion that a series of intermediate structures is formed during the dissociation of the alloy Cu4FeNi3. Attempts to determine these structures failed because they led to X-ray intensities that did not agree with those observed, although their positions were adequately accounted for. In the present paper it is shown that the intensities are modified in a systematic way by extinction, and that, after introducing a correction for extinction, the theory advanced can account for aU the data.
Introduction
In a previous paper (Daniel & Lipson 1943) an account was given of an unusual diffraction effect shown by the alloy Cu4FeNi3. This alloy is single phase (facecentred cubic) at high temperatures and dissociates at lower temperatures into approximately equal amounts of two face-centred cubic phases; the dissociation is slow, and intermediate stages can be distinguished. The first stage of the dissociation gives a characteristic diffraction pattern in which, on a powder photograph, each line of the single-phase pattern is flanked by two side-bands. The position of these side-bands and also the evidence of oscillation photographs of coarse-grained specimens could be explained satisfactorily by the assumption of a periodic variation of the lattice parameter, the variation being in the direction of the cube edges. The intensities, however, did not fit in with the theory. This was thought to be so because the simple model chosen was too perfect. I t now appears that the results can be explained even with this model, by the presence of a'large amoupt of extinction.
It is not usual to associate large extinction effects with powder photographs, but it must be pointed out that in this case conditions are particularly favourable for its occurrence; in order to put the powder into a single-phase state it has to be so heat-treated that it always sinters and this means that the crystal grains must be larger than they usually are in powders.
Theory
The calculation of the structure factor for a one-dimensional grating with a periodic variation of the spacing shows th at besides the orders of reflexion, h, for 1 2 the undisturbed grating, there appear satellites at positions ± ..., where Q is the number of lines in the period of variation. The structure amplitudes of the main reflexions and the satellites are given by J0 (hQb/a), Jx{hQbja)y ), respectively, where Jn(hQb/a) is the nth order Bessel function of the argument hQbja, and b is the amplitude of the variation of the spacing, a.
( 1 ) one may put J0 = 1, J^hQb/a) = hQb/2a and Jn>x{kQbja) = 0, t pair of satellites is appreciable.
The intensities of the different order satellites will be given by J% J \, J \, -I t is interesting th at the total intensity of a main reflexion and all its satellites is always equal to the intensity of the diffraction line from the undisturbed grating, because for any argument x
The side-bands on a powder photograph are made up of the satellites due to variation in the h, k and l directions. I t has been found convenient to use as basis for the calculations I /I 0, the intensity of the first order side-band over th at of the main line. According to the approximate treatm ent based on con dition (1) this quantity should be
Equation (3) shows th at the quantity I /I 0 increases rapidly with the order of reflexion. The rigorous treatm ent shows th at I /I 0 should increase even more rapidly because equation (2) proves th at the total intensity of main line plus side-bands is not altered by a sinusoidal variation. In consequence, if the side-bands are strong, the main line is weakened.
The results of the measurements seemed at first not to agree with the theory. I t was found that I/N I0 is not constant but decreases with N . Empirically the intensities can be rendered by an expression such as
where a is a constant.
E xtinction
Extinction influences the ratio of the intensity of the side-bands to the main line because it weakens strong X-ray reflexions more than weaker ones. Therefore it makes weak lines or, in our case, side-bands appear relatively too strong com pared with the main reflexions. In the present case this produces a systematic alteration of the relevant expression I/I0N.
The presence of extinction in the specimens used was proved by intensity measure ments on the same specimen cold-worked and annealed. I t was assumed th a t cold working would remove, or a t least reduce, extinction. A cold-worked specimen of Cu4FeNi3 was therefore photographed together with a platinum wire, annealed at 900° C, and again photographed together with the platinum wire, both being care fully replaced in the same position as the first time. The intensities of the diffraction lines from the platinum wire were used as standards. The specimen and platinum wire were mounted on the same specimen holder, the specimen being held in a hole through the centre of the holder, while the platinum wire was fixed on the holder as near as possible to the specimen. The two revolved round an axis between them, care being taken th at they were both immersed in the X-ray beam a t every position. Two specimens were used: one a solid rod cut out of a rolled sheet of alloy, the other filed powder, photographed through a silica tube of a wall thickness of about 0-02 mm.
This experiment showed that by the annealing the intensities of the X-ray re flexions were weakened. Low-order reflexions were reduced more than high ones. The lowest reflexion, 111, was reduced in one case to 0*6, in the other to 0*4 of its intensity in the cold-worked state.
These experiments indicate th at there is extinction present. In order therefore to derive numerical results from the experimental data it was necessary to work out an analytical treatm ent in order to correct for extinction. This treatm ent is based on a paper by Bragg & West (1929) .
I t is obvious th a t the extinction effect will decrease with N , since the higher orders are necessarily weaker than the lower ones, and so the higher orders give values of Qbfa which are more nearly correct than those given by the lower ones. If one could use really high values of N , the extinction would be zero, but since this is not pos sible, an attem pt was made to find the true value of Qb/a by extrapolation of the observed results to N = 00. For this purpose it is necessary to find a relation th a t gives a linear extrapolation against a function of N th a t is not infinite a t = 00. In the treatm ent th at follows, such a relation has been deduced.
Analytical treatment of extinction
There are two kinds of extinction possible, primary and secondary. Primary extinction occurs in large perfect blocks, while secondary extinction (as well as primary extinction) may occur in mosaic crystals. Both kinds give a fairly similar variation with angle.
An approximate allowance for secondary extinction can be made by putting for the integrated reflexion under the influence of extinction
+ 2
Here p is the true integrated reflexion and is a constant characteristic of the extinction.
For the following the calculations have to be made in terms of the structure amplitude F. p is connected with F by the formula A3 1 + cos2 20 ' * 7 -5 3 9 -^ (6)
where A is the X-ray wave-length, p the absorption coe angle. F', the value th at follows for the structure factor if the measurements are not corrected for extinction, is connected with p' by the same formula. By substituting F and F' for p and p' in formula (5) we get
It can be seen th at the larger F 2 is the more F '2 is reduced. Ho ship is complicated by the factor (1 + cos22#)/sin20, which means th a t extinction will be relatively less for reflexions with 6 near \ tt than for reflexions with higher and lower 6. The factor A 2 / pi s practically constant for different radiations (Com Allison 1936) unless the value of p is increased anomalously by the presence of an absorption edge. The anomalous absorption of iron for copper radiation has the consequence that A 2 Ip,and therefore extinction, is somewhat less for copper tion than for the other radiations used. In spite of this it was found sufficient for an approximate treatm ent to set the factor (A3//t) (1 + cos2 20)/sin 20 equal to a constant. Thus ™ F " " T + 5f» -<8>
For the present problem the calculations are simplified by the fact th a t F, the structure amplitude not influenced by extinction, can be expressed as a simple function of the order of reflexion, N. As the alloy Cu4FeNi3 is face-centred cubic, F0, the structure amplitude corrected for the temperature factor, is for all reflexions equal to 4/ 0, where f 0 is the mean atomic structure factor. f 0 itself is still a function of sin 6jX or N and falls off with increasing N . One can put with reasonably good approximation
where the constant e includes the temperature factor and the variation o f/0 with N . Consequently Ae~eJV
where K and e are constants. Equation (10) can be used to estim ate the influence of extinction on ///" and to correct for extinction. Extinction will weaken th e intensities of th e m ain lines J0 according to equation (10) to 1$ where The side-bands are considerably weaker th a n th e m ain lines and are also broadened, so th a t they will be reduced much less. In the following it will be assumed th a t they are not affected by extinction. I f condition (1) The value of the constant e has to be calculated from a specimen w ithout extinc tion. In the following the highest value m easured on a cold-worked specimen will be used. An error in the assum ption of e fortunately does not affect th e value of (Qb/2a )2 extrapolated. One can see th a t the linearity of the relation is reasonably well obeyed although one cannot claim much accuracy (as formula (10) is only roughly true). B u t this does not affect the calculation of Qb/a unduly because th e m ethod for correcting for extinction is an extrapolation to N = oo. The intensities o are most im portant for the extrapolation. I t has been calculated by the m ost accurate formulae available (formula (7) and th e table for prim ary extinction in Internat. Tab. 1935) th a t the intensities of these reflexions may be reduced w ith th e strongest extinction observed by a factor less th a n 1*5. A ltogether, taking into account all the errors of measurement, the error of a determ ination of Qb/a should be less th a n ± 25 %.
The above observations show th a t extinction is an effect no t to be neglected. I t can affect the relative intensities of weak and strong reflexions. Besides, a closer investigation of formulae (10) and (12) shows th a t it can also alter the tem perature factor and the broadening of lines measured. In the present case it completely falsified the evidence of the intensities, because th ey decrease system atically w ith
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The correction for extinction makes it possible to give a* quantitative description of the structure th a t produces the ' side-band ' pattern. This structure is formed by a periodic variation of the lattice parameter in the direction of the cube edges. The period Q of the variation can be calculated from the position of peak intensities of the side-bands, while Qb/a follows from the intensities. The breadth of the side-bands shows th a t Q is not a constant but th a t a range of different values is present. I f (hQb/2a) < 1 for all values of Qb/a present it can be shown th a t the statistical average F ig u r e 1. Som e extrapolation curves for th e calculation o f Qb/a.
of the values of Q present can take the place of a constant period in all the calcula tions. I t has to be noted th a t the position of the peak of the intensities of the side bands, from which Q is calculated, does not necessarily give this average, as the higher values of Q give stronger side-bands and so are weighted more heavily; but the difference should,not be large. In principle it would be possible to deduce from the broadening of the side-bands a distribution function of Q. In practice this cannot be done with any accuracy, but it has been estimated th at the values of Q vary within about ± 50 % of the average value.
The periodic variation may be essentially one-dimensional so th a t lamellae normal to the three cube axes are present in each crystallite, or else it may be essentially three-dimensional, so th at spherical aggregates of larger and smaller spacing alternate in a three-dimensional lattice. The difference between the two cases influences equation (3). The equation in the form in which it is written follows for a three-dimensional variation, while for the lamellar case I /I 0 is only %N(Qbj2a)2.
It was thought interesting to follow the change of the periodic structure with time of annealing, as this provides rather detailed information about the changes of concentration in the alloy on a scale of 10~® cm., which is otherwise not easily accessible. A series of photographs was therefore taken with different times of annealing at temperatures 550, 650 and 750° C. I t was found th a t for a considerable time interval the side-band pattern remains, but th at the separation of the side bands decreases ( figure 2a,b,c) . This stage could be analysed quantitatively. I t corresponds to values of Qb/a for which condition (1) is valid. For longer times of annealing the pattern changes; higher order side-bands appear, which are in good agreement with the rigorous theory. Unfortunately, the diffraction lines become too complicated to be analysed quantitatively. Table 1 shows the quantitative results of the measurements. The most striking point about these results is that b, the amplitude of the variation, remains constant within experimental error. The values of 6 found can be related to the difference of spacing of the two face-centred cubic phases in equilibrium. I t seems reasonable to assume th at the difference of volume between the two phases in the equilibrium state must be at least as large as th a t between a copper-rich and a copper-poor aggregate in the metastable periodic state. This gives the relation th a t for a lamellar
tjr variation
Aa while for a three-dimensional variation I t can be 4 4 /3 seen th at for all three temperatures b is about equal to -- The average period Q increases with time, and figure 3 shows th a t there is a linear relation with the logarithm of time a t all three temperatures observed. I t is inter esting th a t the slope of the curves of Q as function of log t seems to be independent of temperature. The evidence of figure 3 can thus be represented by the equation
Q = A\ogt+</>(T)(13)
where t is the time, A a constant and (j>{T) some function of the temperature. If a three-dimensional variation was assumed, Q6/a would appear smaller by a factor of a / 3. This factor provides a possibility of distinguishing between the two cases, as, for some specimens with Qb/a on the limit of validity of condition (1), it is possible to estimate Qb/a from the appearance of secondary side-bands. These estimated values are given in column 5. They make a lamellar variation probable, but the evidence is not quite sufficient to settle the point, particularly as the evidence of b as compared with d a is indecisive.
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The quantitative results given in the table are reproducible within experimental error. Specimens of solid metal and rods of sintered powder give the same results.
After longer times of annealing secondary side-bands appear and the side-band pattern gradually changes into another diffraction pattern (see figure 2 d, e, plate 12 ). This pattern (figure 2e) has been explained by Bradley (1940) as being due to tetra gonal lamellae. A consideration of the higher order Bessel functions shows th a t it may also be due to a periodic variation with a range of different values of Q, when Qbja is large.
If Qb/a is large, each reflexion will have different order satellites, with structure amplitudes given by Jn(hQb/a). We shall put (hQb/a) = As it has been found th a t 6 is constant, and h is also constant for any particular reflexion, x is proportional to Q. The position of each satellite is given by Q. This means th at the separation of a satellite from the main line will be proportional to n/x. In order to follow the amplitude as function of the separation of satellites Jn(x) has been plotted against n/x for different constant values of x (figure 4). If the structure amplitude of the whole structure is made up from the amplitudes given by the different values of Q present, it can be seen th a t for (njx) < 1 these amplitudes will in general cancel out except for values near (n/x) = 1. This means th at in general the intensity of a reflexion will be appreciable only a t a position corresponding to (n/x) = 1, th at is at a distance of + I from the position of the reflexion from the undisturbed lattice. In consequence in the one dimensional case each reciprocal-lattice spot of the undisturbed lattice will be replaced by two diffuse spots displaced from the original spot by approximately hb/a along the axis. In three dimensions this is very nearly the same reciprocal lattice as th at given by two tetragonal phases fitting together on a (100) plane, as postulated by Bradley.
V. Daniel and H. Lipson
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Kinetic considerations
The periodic variation of the lattice parameter th at has been found must be due to differences of concentration set up a t regular intervals. The effect probably has some analogy with the Liesegang phenomenon. I t is interesting th a t it occurs reproducibly in all specimens. The reproducibility of the phenomenon is perhaps connected with the great perfection of the crystallites in the alloy, which is indicated by the presence of extinction. The dissociation occurs in perfect crystallites of a length of the order of 10-4 cm., a size which is large compared with the scale on which the dissociation occurs. Thus the influence of mosaic faults and mechanical deformation is presumably eliminated.
The fact th at b is constant shows th a t the maximum difference of concentration is reached even with the shortest times of annealing given. This means th a t the changing of the X-ray pattern with the time of annealing is not due to the initial setting up of concentration differences but corresponds rather to the phenomenon of grain growth. The value of Q, i.e. the grain size, is determined by time and tem perature of annealing.
I t is interesting th at equation (13) separates the variables time and temperature. I t would be interesting to know whether this represents a general relationship in the phenomenon of grain growth.
The equation (13) obviously cannot hold for the whole of the process of dis sociation, as it gives Q --oo for t = 0. Some other rela for the initial setting up of concentration differences. Formula (13) can also not hold for longer times of annealing, because, if one extrapolates Q as function of log< one sees th a t Q = 1000 should be reached a t 650° C only in 1030 years, while a sharp 2-phase pattern, indicating a grain size of about 10-4 cm., is already reached in 11 weeks. The extraordinary slowness of the growth of Q is probably due to the geometrical arrangement of the aggregates, which are 'interlocked', and not to abnormally slow diffusion. This is suggested also by an experiment which was made in order to compare the rate of forming and destroying the periodic state. An alloy near the composition of Cu4FeNi3 which is single phase a t 750° C, was brought into the periodic state by annealing for 6 days at 550° C. By annealing a t 750° C it could be made single phase in less than 5 min., although Cu4FeNi3, which is in equilibrium 2 phase at 750°, is still in the periodic state even after several hours a t 750° C.
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